Abbreviations used in this paper: DOPC, dioleoylphosphatidylcholine; MD, molecular dynamics; TM, transmembrane.

Introduction
============

Membrane proteins are a greasy lot. Thrown into water without detergents, they form intractable aggregates, which minimize exposure of their nonpolar transmembrane surfaces to water. Aggregation would be their certain fate if membrane proteins were translated on the ribosome in the manner of soluble proteins. But this fate is avoided: the elongating polypeptide segment from the ribosome exit tunnel ([@bib53]) passes into the membrane-dwelling translocon assembly whose architecture permits selected segments to enter the membrane bilayer to become transmembrane (TM) helices (for review see [@bib55], [@bib56]; [@bib52]). The principles underlying this selection process are beginning to emerge from our recent studies of the recognition of transmembrane helices by the ER translocon ([@bib21]; [@bib33]). As Gunnar von Heijne discusses in his Perspective (p. 353), one outcome of our experiments was a "biological" hydrophobicity scale that describes the apparent free energy of insertion (Δ*G* ~app~) of each of the 20 natural amino acids when located in the center of a hydrophobic TM helix. This biological scale correlated strongly with the so-called Wimley-White (1999) physical hydrophobicity scales, suggesting that, somehow, the translocon selection of TM segments follows general thermodynamic principles that underlie partitioning of peptides between water and *n*-octanol ([@bib59]). The primary goal of this Perspective is to explore this intriguing nexus between biology and physical chemistry.

One of the motivations for this series of Perspectives is to gain deeper insights into the connection between the biological hydrophobicity scale and physical scales, especially the Wimley-White (1999) octanol scale. Our current understanding of membranes, hydrophobicity, and membrane protein stability originates from the Fluid Mosaic Membrane Model ([@bib45]). I therefore begin by reviewing the origins of this conceptual model, which is built upon the fundamental idea that hydrophobic molecules (e.g., membrane proteins) partition between water and immiscible nonpolar phases (e.g., lipid bilayers). Because this concept arose before our understanding of the structure and dynamics of fluid bilayers was complete, I next discuss the modern view of lipid bilayer structure and dynamics, which is essential for connecting the biological and physical scales. Implicit in the motivation for this Perspectives series is the apparent ability of the translocon to insert charge-containing TM helices across the ER membrane. I discuss how this might work in the light of the modern view of bilayer structure. This sets the stage for considering why the biological hydrophobicity scale correlates so strongly with the Wimley-White octanol scale. I attempt to provide an explanation. To begin to connect the biological and physical hydrophobicity scales, I then discuss insights into translocon function obtained from molecular dynamics (MD) simulations of SecY/Sec61 heterotrimer in lipid bilayers. I argue that the heterotrimer is ideally suited to serve as a thermodynamic switch that determines whether or not a polypeptide segment passes into the lipid bilayer as a TM segment. Finally, I consider whether TM helix recognition by the translocon is equivalent to direct partitioning of helices between water and lipid bilayer.

The Fluid Mosaic Membrane Concept
=================================

Hydrophobic solutes partition strongly from water into immiscible nonpolar phases. This simple principle is so obvious and compelling that we have long thought of membranes as thin, immiscible lipid (bilayer) phases into which lipid-soluble molecules readily partition ([@bib35]; [@bib15]). John Singer, inspired by the germinal paper of [@bib27] on the role of hydrophobicity in protein stability, extended this thinking to membrane proteins ([@bib31]; [@bib44]; [@bib45]). His now famous and still influential cartoon of a transmembrane protein in a lipid bilayer ([Fig. 1 A](#fig1){ref-type="fig"}) spawned myriad papers on the identification of transmembrane segments by hydrophobicity analysis, beginning with [@bib41]. At about the same time, [@bib34] studies of amino acid hydrophobicity and [@bib47] classic book on the hydrophobic effect stimulated critical investigations of the partitioning of amino acid side chains into nonpolar phases. Among the most influential of these were those of Wolfenden and colleagues, directed toward establishing biologically relevant hydrophobicity scales ([@bib61]; [@bib60]; [@bib38]).

![Proteins in lipid bilayers. (A) The Fluid Mosaic Concept of [@bib45] showing "proteins" penetrating deeply into (left) or across the lipid bilayer. This concept treats the lipid bilayer primarily as a thin hydrocarbon slab. Image reprinted from [@bib45] with permission from AAAS. (B) Snapshot from a molecular dynamics simulation ([@bib3]) of a dioleoylphosphatidylcholine (DOPC) bilayer. It stands in stark contrast to the bilayer shown in A. The component groups represented by the ball and stick representations of the lipids are indicated by the color scale. Two of the DOPC molecules are shown in CPK format. This image reveals that the headgroup region of the bilayer accounts for a significant fraction of the total thermal thickness of the bilayer, emphasizing the likely importance of the headgroups in lipid--protein interactions. (C) Snapshot of a molecular dynamics simulation of a model KvAP S4 helix in a POPC bilayer ([@bib12]). The S4 helix has the same sequence used in the translocon-assisted insertion of S4 across the ER membrane ([@bib22]): GGPG-LGLFRLVRLLRFLRILLII-GPGG. Color code: red, water; yellow, phosphates; green, alkyl chains; gray, S4 hydrophobic residues; white, GGPG-- and --GPGG flanks; blue, arginines. The S4 peptide is stabilized by phosphates acting as counter-ions and a hydrogen-bonded network of waters that penetrate into the alkyl chain region. The bilayer is highly distorted in the vicinity of S4, due to the flexibility and adaptability of the phospholipid molecules. (D) Snapshot from a molecular dynamics simulation of the SecY heterotrimer ([@bib49]) embedded in a POPC bilayer ([@bib56]). This image, from an MD trajectory provided by Dr. Alfredo Freites, shows that the SecY heterotrimer (translocon) allows polypeptide chains passing through its pore to sample the water/bilayer/protein environment, suggesting that the movement of the polypeptide into the bilayer is equivalent to a partitioning event. Color code: blue-gray, water; red, lipid headgroups; white, acyl chains; red/white CPK representations, waters in translocon "hourglass;" pink, hydrophobic residues forming the so-called isoleucine ring that separates the upper and lower halves of the hourglass. The images in B and C were created using Visual Molecular Dynamics (VMD) ([@bib23]).](jgp1290363f01){#fig1}

These classic papers and a critical analysis of the energetics of charge insertion into bilayers ([@bib36]) led to a strong focus on the solvent properties of the bilayer hydrocarbon interior. Although useful for many purposes, the properties of the hydrocarbon interior alone could not readily accommodate the suggestion of MacKinnon and colleagues that the charge-bearing voltage-sensing paddle of voltage-gated K^+^ channels might be exposed directly to the lipid bilayer ([@bib25],[@bib26]). Nor could these properties accommodate our observation that the arginine-rich KvAP S4 helix of the voltage sensor can be inserted across the ER membrane with high efficiency ([@bib22]).

Lipid Bilayer Structure
=======================

The publication of the Fluid Mosaic Model ([@bib45]) gave impetus for many years to extensive physical studies of lipid bilayers, summarized authoritatively by [@bib46]. The first steps toward detailed and quantitatively useful bilayer structural models began with the advent of neutron diffraction methods for studying the transbilayer distribution of lipid component groups ([@bib6]; [@bib7]; [@bib63]) and MD simulation methods for visualizing fluid-bilayer dynamics ([@bib50], [@bib51]; [@bib37]; [@bib20]). [@bib58] built upon the early successes of neutron diffraction by developing a method for the joint refinement of x-ray and neutron diffraction data that yielded quantitatively useful structural models of a fluid bilayer. These models consisted of time-averaged transbilayer distributions of all the lipid structural components. The most important conclusions were that (a) the hydrated headgroups of fluid lipid bilayers account for 50% of the bilayer thickness and (b) the headgroup/hydrocarbon boundary is a region of "tumultuous chemical heterogeneity because of the thermal motion of the bilayer" ([@bib58]).

The shortcoming of diffraction-based models of fluid bilayers is that they are literally one dimensional; the transbilayer component-group distributions are time-averaged projections of the unit cell contents onto an axis normal to the membrane plane. This is a consequence of lamellar (one-dimensional) diffraction from oriented arrays of lipid bilayers ([@bib11]). It is now possible to use these one-dimensional data to arrive at experimentally validated MD simulations that provide accurate three-dimensional, dynamic structures ([@bib3], [@bib4]; [@bib30]; [@bib29]). An image of a single frame of an MD simulation of the dioleoylphosphatidylcholine (DOPC) bilayer studied by [@bib58] is shown in [Fig. 1 B](#fig1){ref-type="fig"}. The high thermal disorder and the extent of the headgroup regions are apparent in this image. A reasonable a priori conclusion is that the headgroup interactions with MPs are likely to be significant. Indeed, it is now clear that headgroup phosphates are essential for ion channel gating, presumably through arginine--phosphate interactions in the case of KvAP ([@bib40]).

The modern view of bilayer structure, exemplified by [Fig. 1 B](#fig1){ref-type="fig"}, provides a basis for understanding an intriguing discovery from our study of the recognition of TM helices by the ER translocon ([@bib21]); Δ*G* ~app~ for some residues, notably charged or aromatic ones, depended strongly on position within the TM helix, becoming more favorable near helix ends. This is reminiscent of the statistical preferences of aromatic and charged residues in membrane proteins for the membrane headgroup region ([@bib39]; [@bib54]; [@bib43]; [@bib28]; [@bib8]; [@bib48]). The position dependence of Δ*G* ~app~ suggested that the translocon allows TM helices to enter the bilayer in a manner that optimizes the positioning of the helices to account for the thermodynamic preferences of hydrophobic residues for nonpolar phases, aromatic residues for the bilayer interface ([@bib62]), and charged residues for "snorkeling" ([@bib42]) into the zwitterionic lipid headgroups. The simplest interpretation of our results was that elongating polypeptide segments passing through the translocon are selected for diversion into the lipid bilayer by thermodynamic partitioning between the translocon channel and the lipid bilayer, as proposed by [@bib19]. This idea and the structure of fluid lipid bilayers help explain the surprising observation that the ER translocon can insert the KvAP S4 helix and its four arginines across the ER membrane with high efficiency.

Charge-bearing Transmembrane Helices in Lipid Bilayers
======================================================

To gain insights into the ability of the translocon to insert the KvAP S4 voltage-sensor helix across the ER membrane ([@bib22]), [@bib12] performed an all-atom molecular dynamics simulation of an S4 helix across a POPC bilayer. Assuming that S4 was stable across the membrane during the simulation (it was), the objective was to understand how the lipid bilayer could accommodate S4 in a transmembrane configuration. The simulation did not address the question of thermodynamic equilibrium between the inserted and noninserted states for two reasons: the tens-of-nanosecond time scale of all-atom simulations are impractical for this purpose and the structure and location of the noninserted population of S4 peptides in the [@bib22] experiment is unknown, although it might be surface bound, as observed in model membrane systems ([@bib18]; [@bib32]). Indeed, a recent coarse-grained simulation of the assembly of Kv sensors suggests an equilibrium between surface-bound and transmembrane states with a Δ*G~app~* ≈ 0, as in the [@bib22] experiment.

[Fig. 1 C](#fig1){ref-type="fig"} shows one frame from the [@bib12] simulation. This simulation disclosed that the four arginines of S4 could be stabilized deep within the hydrocarbon core, because the lipid phosphate groups act as counter-ions for the arginines. In addition, the lipids apparently rearrange around S4 to optimize hydration of the arginines through hydrogen-bonded chains of water that dip into the hydrocarbon core. Concerns about the physical reality of the MD simulation in this dramatic case are quieted by direct physical measurements, which show that the S4 helix can be stably inserted across oriented lipid bilayers formed from simple mixtures of a synthetic S4 peptide with phospholipids (Fernández-Vidal, M., F. Castro-Román, and S.H. White. 2006. *Biophys. J*. 90:241a; Castro-Román, F., M. Fernandez-Vidal, M. Mihailescu, and S.H. White. 2007. *Biophys. J*. 92:294a).

Of course, the interactions of the entire sensor (helices S1--S4) with phospholipids are more complex than those of S4 alone, as shown in a recent MD simulations of the KvAP sensor in lipid bilayers ([@bib13]; [@bib5]). But phosphate--arginine interactions were still found to be important for the stabilization of the sensor. Are these interactions peculiar to arginine? When S4 arginines are mutated to lysines one at a time ([@bib1]) or even to MTS-trimethylammonium reagents ([@bib2]), K^+^-channel gating works just fine. It is not known if all four arginines can be replaced simultaneously by arginines, although a recent report indicates that voltage gating is not entirely lost when three of four arginines in the voltage sensor of *shaker* are replaced by glutamines (Voets, T., A. Janssens, and B. Nilius. 2007. *Biophys. J*. 92:125a). In any case, the insertion of the charge-bearing TM helices in the studies by [@bib21],[@bib22]) can be reasonably explained by a combination of charged-residue snorkeling and local lipid rearrangements in the immediate vicinity of the charge-bearing helices.

Peptide Partitioning into *n*-Octanol
=====================================

When the complexity of the lipid bilayer and the possibility of headgroup interactions with polar and charged amino acids are taken into account, the relevance of hydrophobicity scales based upon partitioning of amino acid side chains into purely nonpolar phases such as cyclohexane becomes doubtful. The presence of a modest polar group in the "nonpolar" phase, such as the hydroxyl of *n*-octanol, can profoundly affect partitioning free energies. For example, the free energy of transfer of arginine from water to octanol is only ∼2 kcal mol^−1^ ([@bib59]) rather than the value of ∼15 kcal mol^−1^ observed for water-to-cyclohexane transfer ([@bib38]). It is significant that the Wimley-White octanol-based whole-residue hydrophobicity scale ([@bib59]) provides very accurate detection of TM helices, including those carrying charged residues, in hydrophobicity plots of MPs ([@bib24]). There are two likely reasons for this success. First, the Wimley-White scale is a whole-residue scale, because it includes the energetic cost of partitioning H-bonded peptide bonds. Second, water-saturated *n*-octanol has a micellar structure that allows the octanol and water molecules to adapt readily to both polar and nonpolar molecular groups as necessary to minimize the free energy of the system ([@bib10]). The phospholipids in a bilayer in excess water seem to have a molecular adaptability similar to octanol in water- saturated octanol solutions. But there is a major difference: cell membrane phospholipids are thermodynamically constrained to a bilayer configuration that provides, in simple terms, a transmembrane "polarity gradient" that is not feasible in an octanol micelle. This gradient underlies the preference of aromatic and charged residues for interfacial positions in TM helices and provides a basis for understanding the position dependence of the Δ*G~app~* values for these residues.

If hydrated octanol cannot geometrically mimic the polarity gradient of bilayers, how can hydrophobicity values derived from octanol--water partitioning predict TM helices with considerable accuracy? One can only speculate about the answer to this question. A simple explanation may be a convergence of physical chemistry and protein evolution. One can suppose that octanol\'s molecular adaptability allows optimization of a residue\'s local environment that yields a free energy that is similar, perhaps by coincidence, to the optimal local environment of the residue in a lipid bilayer. For aromatic and charged residues, the optimal local environment is the membrane interface. If TM helices have evolved to optimize the local environment of each residue using position dependence as a tool, then the average partitioning free energy of a helix reported by octanol could match the partitioning free energy of a helix computed from the biological scale with position dependence taken into account.

The Translocon as a Thermodynamic Switch
========================================

These considerations suggest how bulk-phase octanol measurements could provide a useful hydrophobicity scale for membrane proteins in lipid bilayers, and why the biological ([@bib21]) and the octanol scales ([@bib57]) are similar. Taken at face value, the close correlation between the scales implies that translocon-assisted insertion involves the equivalent of a partitioning measurement. Indeed, Rapoport and colleagues proposed several years ago that movement of polypeptide segments out of the translocon involved partitioning between translocon and bilayer ([@bib19]). That this is a real possibility becomes evident from MD simulations of the SecY heterotrimer ([@bib49]) embedded in a lipid bilayer ([@bib56]; [@bib16]; [@bib17]). [Fig. 1 D](#fig1){ref-type="fig"} shows a snapshot from one such simulation.

The crystallographic structure of [@bib49] revealed that (a) the translocon tunnel is hourglass shaped and probably filled with water and (b) polypeptides traversing a translocon could exit into the bilayer only between the so-called gate helices (TM2B and TM7, [Fig. 1 D](#fig1){ref-type="fig"}). A close look at this region in the simulations reveals, as surmised from the x-ray structure, that the tunnel is filled with hundreds of water molecules. The top and bottom halves of the hourglass are separated by a ring of hydrophobic side chains (mostly isoleucine) through which the elongating peptide must pass. Just beyond the TM2B and TM7 helices are the phospholipids, which in the MD simulations are pounding at the gate. The translocon aqueous pore and its guardian gate helices are geometrically well suited for allowing a translocating chain to sample, through thermal fluctuations, both the aqueous environment of the translocon pore and the heterogenous environment of the lipid bilayer. Because polypeptide chains elongate ([@bib14]) at a rate of about five residues per second, much slower than the thermal fluctuations of the bilayer and translocon, there is likely to be ample time for partitioning events to occur. Given the intimate spatial relationship between translocon and bilayer, one can readily imagine how the translocon can "set up" a transiting KvAP S4 segment for release into the bilayer.

The translocon thus seems well adapted to the task of optimizing the positioning of TM helices across ER membranes through a partitioning process at the protein/water/lipid interface provided by the translocon. Many billions of polypeptide chains pass through the ER translocons during the expression of a single Lep construct in the [@bib21] experiments, which means that the probability of diverting a segment into the bilayer is accurately defined by the experiment. The insertion efficiency, represented by Δ*G* ~app~, measures this probability. From this point of view, the translocon acts as a thermodynamic switch in the sense that diversion of a polypeptide segment from the water-filled translocon channel into the bilayer is dictated by partitioning probabilities of the sort one measures in a bulk-phase partitioning experiment.

TM Helix Recognition by the Translocon and Water-to-Bilayer Partitioning
========================================================================

The recognition of TM helices by the translocon is most simply explained as a partitioning process between the translocon and the membrane bilayer. But is this partitioning quantitatively equivalent to direct water-to-bilayer partitioning? If it is, then the Δ*G* ~app~ values will equal the free energy values obtained from direct water-to-bilayer partitioning experiments or simulations. The answer hinges in part on the equivalence of the water-filled translocon tunnel to bulk water. Considering the structural and chemical complexity of the translocon--bilayer complex ([Fig. 1 D](#fig1){ref-type="fig"}), complete equivalence seems unlikely. Another issue is timing. [@bib9] have found for *Saccharomyces cerevisiae* that elongation of nascent polypeptides occurs more rapidly than translocon gating, which raises the possibility of significant aqueous exposure of TM segments before membrane insertion by the translocon. The free energy difference between a chain in the translocon and in the water- exposed state becomes a critical issue in such a case.

Yet another issue is the environment of TM helices within the membrane. Is it equivalent to that of a pure bilayer? If, for example, the emergent TM helices interacted with other TM proteins, then they could not be considered to be in a pure bilayer environment. We recently examined the possibility that the engineered H-helix in leader peptidase (Lep) used for the determination of Δ*G* ~app~ might interact strongly with the native H1 and H2 helices of Lep ([@bib33]). To study this question, we replaced H2 with constructs (H2\') whose amino acid sequences could be modified to include residues with strong hydrogen-bonding potential (Asp or Asn). Significant effects on the insertion of H were observed only when there was the possibility of two interhelix (H2\'⇔H) Asn--Asn or Asp--Asp interactions. But even in these cases only a moderate effect on Δ*G* ~app~ was observed. These results suggest that changes in local environment due to helix--helix interactions are not of first-order concern in comparisons of biological and physical hydrophobicity scales.

Perspective
===========

An important feature of fluid lipid bilayers is the two interfacial regions that together account for about 50% of the total thermal thickness of the bilayer. The ability of the bilayer to accommodate the KvAP S4 segment as a transmembrane helix attests to the importance the interfacial headgroups in lipid interactions with membrane proteins. Translocons embedded in bilayers seem well adapted to the task of inserting TM segments across the bilayer in a manner that optimizes side chain interactions with the hydrocarbon core and interfaces. They seem to behave as thermodynamic switches that divert nascent polypeptides into the bilayer by a thermodynamic partitioning process. The probability of diversion depends on the free energy of the nascent chain in the bilayer relative to the free energy in the translocon. Because the translocon channel is water filled, the membrane insertion free energy must be closely related to the free energy of helix insertion that could be determined by direct water-to-bilayer partitioning. This is apparent from the close correlation of physical hydrophobicity scales to the biological scale described by Δ*G* ~app~. However, because of the complex and currently ill-defined environment of the translocon channel, it is not clear that Δ*G* ~app~ will be exactly equal in all cases to free energies determined from direct water-to-bilayer partitioning experiments or simulations. The thermodynamic comparison may be further complicated by the fact that translocon gating (switching) may be slower than nascent chain elongation. Given these complications, the close correlation between the Wimley-White octanol scale and the biological scale is intriguing. One possibility is that octanol\'s molecular adaptability allows optimization of a residue\'s local environment that is similar to the optimal local environment of the residue at a specific position in a lipid bilayer. If TM helices have evolved to optimize the local environment of each residue through their positions in the helix, then the average partitioning free energy of a helix reported by octanol would be similar to the partitioning free energy of a helix computed from the biological scale with position dependence taken into account.
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